We develop a model of thin turbulent accretion discs supported by magnetic pressure of turbulent magnetic fields. This applies when the turbulent kinetic and magnetic energy densities are equal to or greater than the thermal energy density in the disc. Our model applies to both stellar mass and galactic mass accretion engines. However, a primary motivation comes from the 30-40 per cent contribution to the bolometric luminosity of Seyfert active galactic nuclei (AGN) from hot X-ray coronae, likely the result of magnetic activity: for such a large fraction of dissipation to occur in the corona, the magnetic buoyancy time must not be too long compared to the turbulent dissipation time within the disc. This condition is only naturally satisfied when the disc is sufficiently magnetically supported. We derive the condition for the radiation loss time-scale from the disk to be short enough to ensure that a magnetically supported thin disc is self-consistent. We find an effective α viscosity coefficient comparable to 1. We calculate the radial structure and emission spectra from the disc in the regime when it is optically thick. Strongly magnetized optically thick discs can apply to the full range of disc radii for objects 10 −2 of the Eddington luminosity or for the outer parts of discs in higher luminosity sources. Our model produces spectra quite similar to those of standard Shakura-Sunyaev models. However, we find a small discrepancy in the spectral calculations of Shakura & Sunyaev (1973).
INTRODUCTION
The well known and most widely used model of the accretion disc was proposed and elaborated by Shakura & Sunyaev (1973) . In this model the disc is vertically supported by the thermal pressure (Shakura & Sunyaev 1973) . Turbulent viscosity is invoked in the Shakura-Sunyaev model to explain the angular momentum transfer required by the accretion flow. As originally pointed out in Lynden-Bell (1969) and Shakura & Sunyaev (1973) a magnetic field can also contribute to the angular momentum transport. A robust mechanism of the excitation of magnetohydrodynamical (MHD) turbulence was shown to operate in accretion discs due to the magneto-rotational (MRI) instability (Balbus & Hawley 1998) . The growth of the MRI leads to the excitation of turbulent magnetic fields and self-sustained MHD turbulence. The contribution of Maxwell stresses to the transport of angular momentum is usually larger than Reynolds stresses. However, the magnetic energy observed in many numerical experiments was smaller than the thermal energy of the gas in the disc (Brandenburg 1998) . Simulations of the non-linear stage of MRI are typically local simulations in a shearing box of an initially uniform small part of the disc. Attempts to expand the computational domain to include a wider area of radii and azimuthal angle (Hawley & Krolik 2001; Hawley 2001; Armitage, Reynolds & Chiang 2001) are underway. However, even before the recent focus on the MRI Shibata, Tajima & Matsumoto (1990) observed the formation of low β state in a shearing box simulations of the non-linear Parker instability in an accretion disc.
Vertical stratification has been considered in the shearing box approximation (Brandenburg et al. 1995; Miller & Stone 2000) . In particular, Miller & Stone (2000) investigated discs with initial Gaussian density profiles supported by thermal pressure. The initial seed magnetic field grows and starts to contribute to the vertical pressure balance. The computational domain extends over enough vertical scale heights to enable Miller & Stone (2000) to simulate the development of a magnetically dominated corona above the disc surface. In the case of an initial axial magnetic field, Miller & Stone (2000) observed that the saturated magnetic pressure dominates thermal pressure not only in the corona but everywhere in the disc. As a consequence, the thickness of the disc increases until it reaches the axial boundaries of the computational box. The formation of low β filaments in magnetized tori was also observed in global MHD simulations by Machida, Hayashi & Matsumoto (2000) . Although further global MHD simulations of vertically stratified accretion discs are needed, this numerical evidence suggests that magnetically dominated thin discs may exist.
Previously, analytic models of thin accretion discs with angular momentum transfer due to magnetic stresses were considered by Eardley & Lightman (1975) and Field & Rogers (1993a,b) . Both these works included magnetic loops with size of the order of the disc thickness. In Eardley & Lightman (1975) , the magnetic loops were confined to the disc. Loop stretching by differential rotation was balanced by reconnection. The reconnection speed was a fraction of the Alfvén speed. Radial magnetic flux was considered as a free function of the radius. Vertical equilibrium and heat transfer were treated as in Shakura & Sunyaev (1973) , with the addition of the magnetic pressure in the vertical support. No self-consistent magnetically dominated solutions were found in model of Eardley & Lightman (1975) .
In contrast, dominance of the magnetic pressure over the thermal and radiation pressure was postulated from the beginning by Field & Rogers (1993a,b) and verified at the end of their work. These authors assumed that the ordered magnetic field in the disc, amplified by differential rotation, emerges as loops above the surface of the disc due to Parker instability. Because initially the radial magnetic field in the disc has sectorial structure, the loops above the disc plane come to close contact and reconnect. All dissipation of magnetic field occurs in the corona in the model of Field & Rogers (1993a,b) . Such a corona was assumed to be consisting of electrons and some fraction of positrons and no outflow from the disc is present. Electrons and positrons are accelerated to relativistic energies at the reconnection sites in the disc corona and subsequently emit synchrotron and inverse Compton photons. Because reconnection was assumed to occur at loop tops, Field & Rogers (1993a,b) found that up to 70 per cent of the energy released in reconnection events in the corona will be deposited back to the surface of the disc in the form of relativistic particles and radiation. Only thin surface of optically thick disc is heated and cools by the thermal emission, which is the primary source of soft photons for the inverse Compton scattering by relativistic particles in the corona.
Since the characteristic velocity of rise of the loops of the buoyant magnetic field is of the order of the Alfvén speed, it takes about the time of a Keplerian revolution for the loop of the magnetic field to rise. This is also about the characteristic dissipation time of the magnetic field in shocks inside the disc (see section 3). Our model differs from the model of Field & Rogers (1993a,b) in that the dissipation of the magnetic energy occurs essentially inside the disc and the heat produced is transported to the disc surface and radiated away. Observations of hard X-ray flux indicate the presence of hot coronae where up to 40 per cent of the total accretion power is dissipated. In section 2 we show that a standard weakly magnetized disc with subsonic turbulence cannot provide large energy flux into corona to support the dissipation rate observed. Only if the disc is strongly turbulent and magnetized, can magnetic field loops rising above the disc can carry power comparable to that dissipated inside the disc. Reconnection events and particle acceleration should also happen in rarefied strongly magnetized corona of the disc in our model and could cause observed X-ray flaring events. However, we do not consider the corona of the disc in the present work and focus on the structure and the emission spectrum of the disc itself.
Models of magnetized accretion discs with externally imposed large scale vertical magnetic field and anomalous magnetic field diffusion due to enhanced turbulent diffusion have also been considered (Shalybkov & Rüdiger 2000; Campbell 2000; Ogilvie & Livio 2001) . The magnetic field in these models was strong enough to be dynamically important. But those models are limited to the subsonic turbulence in the disc and the viscosity and magnetic diffusivity are due to hydrodynamic turbulence. Angular momentum transport in those models are due to the large scale global magnetic fields. Both small scale and large scale magnetic fields should be present in real accretion discs. Here we consider the possibility that the magnetic field has dominant small scale component, that is magnetic field inside the disc consists mostly of loops with size less than or comparable to the thickness of the disc.
After further motivating strongly magnetized discs in section 2, we consider vertically integrated equations describing the radial structure of the magnetically dominated turbulent accretion disc and provide the solutions for the radial dependences of the averaged quantities in section 3. In section 4 we analyse the conditions for a magnetically supported disc to be self-consistent. In section 5 we calculate thermal emission spectra of magnetically supported disc taking into account scattering by free electrons.
AGN CORONAE FAVOUR STRONGLY MAGNETIZED DISCS
A hard power law X-ray continuum is a common feature of all AGN (Zdziarski 1999) . The X-ray band carries a significant fraction of the total luminosity of the Seyfert nuclei: the flux in the 1-10 keV band is about 1/6 of the total flux from IR to X-rays, and the flux in 1-500 keV band is about 30-40 per cent of the total energy output (Mushotzky, Done & Pounds 1993) . The X-ray continuum power law is most naturally explained by unsaturated Comptonisation of soft photons by electrons with temperature ∼ 10 9 K (Shapiro, Lightman & Eardley 1976; Sunyaev & Titarchuk 1980; Zdziarski 1999) . Reflection features (reflection bump, spectral lines) observed in X-rays are best explained by the reflection of the X-ray continuum from the cooler surface of the accretion disc (Fabian et al. 2000 , and reference therein). Magnetic fields amplified in the disc and rising into the corona are an effective energy source for coronal heating and/or particle acceleration (Galeev, Rosner & Vaiana 1979; Field & Rogers 1993a; Di Matteo, Blackman & Fabian 1997a; Di Matteo, Celotti & Fabian 1997b) . Moreover, given the small optical depth, 0.1 τ 1, of the corona, Merloni & Fabian (2001) show that the magnetic field must dominate the energy balance in the corona to explain the observed hard X-ray luminosities. Thus, at least 30-40 per cent of total energy released as a result of disc accretion in Seyferts should be transported by magnetic fields out of the disc.
Let us estimate the characteristic removal time for the magnetic field from the accretion disc and also the characteristic time of magnetic energy decay inside the disc. The disc has half-thickness H and rotates with the Keplerian angular velocity ΩK = GM/r 3/2 , where M is the mass of the central black hole and r is the radial coordinate. Let lt be the largest flow coherence size, τt the flow coherence time corresponding to lt scale 1 , ω = 1/τt the corresponding frequency, vt = lt/τt = ωlt the turbulent velocity, ν = 1 3 ltvt ≈ v 2 t 3ω the coefficient of turbulent viscosity. Magnetic field can be removed by buoyancy and by turbulent diffusion. The characteristic time for buoyant escape is t buo = H/vA, the characteristic time for diffusive escape is t d = H 2 /ν, and the characteristic time for the dissipation of magnetic field either due to cascading down in case of subsonic turbulence or due to dissipation on shocks in case of supersonic turbulence is about a flow coherence time, τt = 1/ω.
The case of weakly magnetized turbulent disk
Assume equipartition between kinetic turbulent energy and magnetic field excited by MRI (Brandenburg et al. 1995; Balbus & Hawley 1998) , then, Alfvén velocity vA = vt. Kinematic turbulent viscosity ν in standard α-disk is
The transport of the magnetic field is dominated by buoyancy if t buo < t d which can be transformed to
The ratio
is larger than 1 if ω > ΩK/ √ β, which is essentially the same condition as condition (3). Therefore, if buoyant escape of the magnetic field is the dominant process of magnetized corona formation, the magnetic field cannot escape the disk without substantial dissipation inside the disk.
In order to obtain more quantitative estimates, one needs to determine ω. The momentum equation for incompressible fluid in the frame rotating with the local angular velocity ΩK(r0) is
where the effective gravitational and centrifugal potential in the Keplerian rotating frame in the neighbourhood of the point r = r0 is
Since the flow is almost incompressible, it is useful to take the curl of equation (4) and estimate the magnitude of the remaining solenoidal terms (without taking the curl, estimates of the gradient terms will be too large): inertia terms ∼ ωcs/ √ β, Coriolis term ∼ ΩKcs/ √ β, and magnetic tension term ∼ ωcs/ √ β. We see that the magnetic tension term is always of the same order as the inertia terms (this is the result of equipartition between kinetic energy of the turbulence and the magnetic energy). Turbulent viscosity is possible only due to strong non-linear interaction between vortices. Inertia and magnetic terms are the only non-linear terms in incompressible momentum equations. For ω ≪ ΩK these non-linear terms are small. The largest eddies, when nonlinear terms becomes significant, are those with ω ≈ ΩK. It is these eddies, which transport angular momentum and contribute the most to the turbulent viscosity. Therefore, we can set ω ≈ ΩK.
For ω ≈ ΩK and β ≫ 1 the condition (3) is satisfied, t buo < t d , α ≈ 1/β, and
For α = 0.01 one has τt ≈ 0.1t buo , so that a magnetic field will mostly dissipate in the disk rather than in the corona. In order to have substantial fraction of Q to dissipate in the corona one needs α ∼ 1 and β ∼ 1, i.e. strong turbulence and magnetization.
The case of strongly magnetized turbulent disk
Let us consider the case β ≪ 1 inside the disc. We use some results of section 3 here. There we estimate α = 1/ √ 3. The turbulent viscosity coefficient is (equation (14))
The flow coherence time is equal to τA given by expression (17)
Therefore,
Vertical support means vA = HΩK, so t d = 3 √ 3 2ΩK and t buo = 1/ΩK are comparable and also are comparable to dissipation time τt. As such, the rate at which the magnetic energy is transported into corona is about the rate of energy dissipation inside the β < 1 disc. We see that only strongly magnetized discs can support bright X-ray coronae. This fact provides strong motivation to consider the model of a thin turbulent magnetically dominated disc. Although it is very important to consider the interaction of the corona with such a disc, in this work we neglect the presence of the corona as well as possible outflows or jets and assume that all dissipation happens inside the disc. We just mention that the dissipative corona can have stabilizing effect on the cooler optically thick accretion discs (Misra & Taam 2002 ) although this should be verified for our model separately.
RADIAL DISC STRUCTURE
Here we neglect effects of general relativity and do not consider the behaviour of the material closer than the radius of the innermost circular stable orbit rs. We assume a nonrotating black hole with rs = 3rg, where the gravitational radius of the black hole of mass M = M8 × 10 8 M ⊙ is rg = 2GM/c 2 = 3 × 10 13 cm M8. We assume that accretion occurs in the form of a geometrically thin accretion disc and verify this assumption in section 4. We consider a disc of half-thickness H, surface density Σ, averaged over the disc thickness volume density ρ = Σ/(2H), accretion rateṀ , and radial inflow velocity vr, vr > 0 for the accretion. We take ΩK = (GM/r 3 ) 1/2 = 7.2 × 10
8 (rg/r) 3/2 to be the angular Keplerian frequency at the radial distance r from the black hole. Then, equation of mass conservation readṡ
In the stationary stateṀ does not depend on time. Equation of angular momentum conservation is (e.g., Shapiro & Teukolsky (1983) )
where f φ is the tangential stress at a radius r, which acts on the inner part of the disc, factor ζ accounts for the unknown torque acting on the disc at the inner edge rs. In the standard Shakura-Sunyaev model, ζ = 1, which corresponds to a zero torque inner boundary. The tangential stress at the innermost stable orbit, f φ (rs) is related to the parameter ζ as follows
The stress f φ (rs) > 0, if the torque spins up the gas at rs, and f φ (rs) < 0, if the torque retards the rotation of the gas. Since the magnetic and turbulent pressures exceed the thermal pressure, by assumption, we neglect thermal pressure contribution to the vertical pressure balance. Assuming equipartition between turbulent and magnetic pressure in supersonic MHD turbulence (Stone, Ostriker & Gammie 1998; Stone 1999; Miller & Stone 2000) it is easy to show that the equation of vertical equilibrium is solved to give approximately the result
where vA = B (4πρ) 1/2 is the average Alfvén velocity in the disc. We use the 'α-prescription' for the magnetic viscosity in the disc, i.e. taking the tangential stress to be proportional to the sum of the magnetic pressure, B 2 8π , and the turbulent pressure, ρv 2 t /2. We do not consider global transport of angular momentum and energy across the disc due from large scale magnetic fields. We assume the magnetic field to be sufficiently tangled on scales of order of the thickness of the disc, such that large scale field is small compared to this tangled field produced by turbulence. In equipartition, B 
8π
≈ ρv 2 t /2 and α-prescription becomes
The dissipation of the magnetic and kinetic energy causes heat input in the disc which is balanced by the heat losses due to radiation. If the cooling is efficient enough such that the time of radial advection of the heat due to the accretion flow is much longer than a few Keplerian periods, the heating and cooling balance, and establish an equilibrium kinetic temperature in the disc. However, we assume that this temperature is insufficient for the associated thermal pressure to contribute significant vertical support. The total radiated energy from the unit surface of the disc will be the same as in the standard Shakura-Sunyaev model. This energy flux is independent of the viscosity mechanism assumed, but depends on the inner torque boundary condition (7) (see also Gammie (2000) for the effects of varying the torque at rs). Thus, the system of equations (5), (6), (8) and (9) decouples from the energy balance equation. Equation (8) can be solved to give H as
With the prescription for the viscous stress, equation (9), the angular momentum conservation equation (6) becomes
It is remarkable that the value of α can be constrained in our model. In the framework of the local approach all the work done by non-gravitational forces on a patch of the disc is reduced to the work done by viscous stress f φ . Physically, this work results from the action of turbulent and Maxwell stresses. Heating occurs from dissipation of supersonic turbulence. The rate of such heating can be expressed through the kinematic viscosity coefficient ν in the usual way (heating per unit volume)
where T is the average temperature of gas inside the disc, s is the entropy per unit mass (e.g., see in Shapiro & Teukolsky (1983) ). Viscous stress, f φ , for Keplerian shear is
Comparing this to the alternative expression (9) for f φ we see that α and ν are related by
Using expressions (13) and (14) to substitute in equation (12) one can obtain the rate of heating per unit area of the disc Q as follows
One can also rewrite Q as
the same expression familiar in the standard disc model (e.g., see Shapiro & Teukolsky (1983) ). The total energy density of the turbulent pulsations and magnetic fields is
A under the assumption of equipartition. In the stationary state, this turbulent energy dissipates with the rate Q. Therefore, the characteristic time of the dissipation of the turbulence is τA = 2Hρv
On the other hand, dissipation of the supersonic turbulence occurs on the time-scale τt of the flow crossing the largest flow coherence size lt of the turbulence. Direct dissipation at the shock fronts dominates the turbulent cascade of energy down to the microscopic resistive scale and leads to the enhanced rate of the dissipation. The question of the dissipation of supersonic MHD turbulence has been studied in connection with the interstellar turbulence, which is observed to be highly supersonic. Direct numerical simulations of both steady-state driven and freely decaying MHD turbulence (Stone et al. 1998; Stone 1999; Ostriker, Stone & Gammie 2001) all confirm this picture. Even if initially the motion is set up to be incompressible in the numerical experiments, shocks develop rapidly due to the non-linear conversion of the waves and the dissipation becomes dominated by the dissipation on shocks. This dissipation time is τt = lt/vt. The coefficient of turbulent viscosity ν is also related to the largest flow coherence size and turbulent velocity as
We already know that vt = vA from equipartition of magnetic and kinetic energies in turbulence. Also, ν is expressed through α by relation (14). This allows to estimate the largest flow coherence size of the turbulence
Consequently, the flow crossing time of the largest coherence size becomes τt = 2α ΩK . It should be that τt = τA with τA given by expression (17). This is possible only when α = 1/ √ 3. Due to approximate nature of all calculations which lead us to this value for α, it is only meaningful to state that α should be of order of 1. We assume α = 1 for all further estimates. For α ≈ 1 the largest flow coherence size of the turbulence becomes of order of the thickness of the disc lt ≈ 2H, and the turbulent viscosity coefficient takes its largest possible value ν ≈ HvA, still compatible with the local viscous description of the disc. The dissipation time-scale for the magnetic turbulence is τA ≈ 1/ΩK. It is very probable that such large scale turbulence will lead to the buoyant rising of the magnetic field loops into the corona, subsequent shearing by the differential rotation and reconnection of the loops. This can result in the formation of the hot corona or acceleration of particles to relativistic energies (Field & Rogers 1993a,b) . The formation of a magnetized corona and the emission spectrum from the corona are important, however, here we focus on the disc.
The free parameters areṀ and ζ. Also, we need to specify one more physical condition, since the dependence of B on radius in equation (11) is undetermined. Such a condition should come from the modelling of supersonic turbulence. Lacking a detailed model, we assume that the radial dependence of the vertically averaged magnetic field in the disc is the power law
where B10 is the strength of the magnetic field at 10rg, δ > 0 is some constant. Accretion rateṀ can be related to the total luminosity of the disc L and the radiated fraction ǫ of the rest mass accretion fluxṀ c 2 . At the luminosity of an AGN
the mass flux is
Here we denote the ratio of disc luminosity to the Eddington luminosity by lE = L/L edd . The value of ǫ is determined by the inner boundary condition at r = rs. Typically, ǫ ≈ 0.1. Using such parametrization and the expression (19) for the magnetic field, one can obtain the following radial profiles of H, Σ and ρ from equations (10) and (11) 
where G = 1 − ζ rs r . We see that the disc becomes geometrically thicker and less dense when magnetic field decreases: weaker magnetic field leads to weaker tangential stress (equation (9)); H increases in order to accomodate constant angular momentum flux for the sameṀ such that H ∝ B 
ESTIMATES OF THE DISC PARAMETERS
Now let us use the solution for the disc structure provided by equations (10), (11) and (19) and obtain constraints on free parameters of the model, such that our model of thin magnetized accretion disc is self-consistent. Using equations (11) and (10) to substitute forṀ in equation (5) we can express the radial inflow velocity as
The factor G vanishes at r = rs for ζ = 1 and so the surface density Σ of the disc diverges near r = rs. The same divergence also occurs in standard disc model (Shakura & Sunyaev 1973) . In reality, of course, viscous torque does not vanish at r = rs, ζ = 1 but close to 1 and there is no divergence of Σ at r = rs. Determining ζ would require a full general relativistic treatment of the accretion flow close to the black hole and is beyond the immediate scope of this work. Only parts of the disc close to rs are sensitive to the exact value of ζ. For r > rs, the disc structure is approximated well with the formulae in section 3 for ζ = 1. Provided that r > rs and α 1 one can see that the radial inflow velocity for a thin disc (H ≪ r) is always a small fraction of the Alfvén velocity which, in turn, is a small fraction of the Keplerian velocity. Therefore, the dissipation time-scale τA is always much shorter than the radial inflow time-scale. In the stationary case this means that the advective terms in the energy balance equation can be always neglected. Energy balance becomes local: the rate of gas heating Q should be balanced by the cooling due to radiative processes. Now we consider the physics of radiative cooling which determines the disc temperature. A necessary condition for the existence of a magnetically dominated disc is that the vertical escape time for radiation must be shorter than τA, so that the energy density of radiation, εr = aT 4 , remains smaller than the energy density of the magnetic field εB = B 2 8π . For optically thin, geometrically thin discs this condition is always satisfied since the inverse of escape time c/H ≫ ΩK. As we will see, Thomson scattering is the dominant source of opacity in most cases of optically thick discs. The average time it takes for a photon to escape out of optically thick disc with optical depth τ ≫ 1 is τ H/c. For Thomson scattering τ = τc = HneσT = κTΣ/2, where ne is the number density of free electrons, σT is the Thomson cross section and κT = 0.4 cm 2 g −1 is the Thomson scattering opacity. For simplicity we assume the composition of the disc to be completely ionized hydrogen. Then, ne is equal to the number density of protons in the disc, n. The necessary condition now becomes
Using equations (10) and (11) one can rewrite the condition (26) as
We express this and all the subsequent conditions in terms of free parameters of the model: B10, δ, lE/ǫ, and M8. Using the expression (22) for H, the necessary condition (27) becomes
The condition for the disc to be optically thick for Thomson scattering τc ≫ 1 becomes 2.0 × 10
In an optically thick disc, radiation is transported by turbulent motions and radiative diffusion. The characteristic time-scale for the turbulent transport of radiation to the surface of the disc is ∼ 1/ΩK. When condition (26) is satisfied, the diffusion of radiation dominates the advection due to turbulent motions. Thus, we can neglect turbulent convective transport of radiation for any values of parameters, whenever steady state magnetically dominated model of the accretion disc is considered. In the steady state, the radiation flux from each surface of the disc must be equal to Q/2 with the dissipation rate Q given by expressions (15) or (16). The effective temperature of the escaping radiation flux is determined by this dissipation rate Q as
and is the same in our model as in the standard disc model. True absorption of photons in free-free transitions also occur in the disc. For an approximate estimate of the radiative conditions in the disc we consider Rosseland mean of the free-free absorption opacitȳ
where ρ is expressed in g cm −3 and T is expressed in
• K. When the effective optical thickness of the disc 2τ * = Σ (κT +κ ff )κ ff is large, then local thermal equilibrium is established in the disc and the radiative flux is described by diffusion approximation. Only in the thin surface layer at a distance from the surface less then the thermalization optical depthτ * ≈ 1, the spectrum of radiation deviates substantially from that of the black body (see section 5 below). The solution of the diffusive radiation transport gives the usual result relating the temperature at the midplane of the disc, T mpd , with the effective temperature at the surface (Shakura & Sunyaev 1973; Krolik 1999) T mpd ≈ T eff 3κTΣ 16
The averaged temperature in the disc is close to T mpd with the actual profile being determined by the details of the vertical dependence of the dissipation rate in shocks. As in the case of the inner radiation dominated part of the standard disc, T mpd does not depend on the accretion rate. However, it is directly proportional to the value of the magnetic field and has radial dependence governed by the δ. The dominance of the magnetic and turbulent energy compared to the energy density of radiation is expressed as aT 4 mpd ≪ ρv 2 A . One can substitute here for T mpd from equations (32) and (30). Heating rate Q is given by equation (15). After using equations (22-24) to manipulate with Σ, B and H, one can reduce the condition of magnetic pressure dominance over the radiation pressure to be 9α 4c
This differs only by a factor of order unity from the necessary condition for the escape of radiation, equation (26). The assertion that the condition (28) implies smallness of radiation pressure is thus confirmed by direct calculation. The next condition we need to impose is that the gas pressure is small compared to the magnetic pressure and turbulent stresses, which is equivalent to the statement that the turbulence is highly supersonic. For a thermalized radiation field, this condition is nkT mpd ≪ ρv 
Because the free-free opacityκ ff strongly depends on temperature and density (equation (31)), the vertical density and temperature distributions are needed to evaluatē τ * . Simulations in Miller & Stone (2000) show a sharp density drop off by two orders of magnitude at the surfaces of the disc (see figure 11 in Miller & Stone (2000) ). Inside the slab bounded by this density drop off the magnetic field and kinetic energy are in approximate equipartition. For the purposes of calculating effective optical depth for absorption we approximate the density profile between z = −H and z = H inside the disc as constant and assume zero density at the disc surfaces at z = ±H. Modest variations of magnetic field and density across the disc height observed in numerical simulations support this and also suggest the assumption of a uniform turbulence dissipation rate across the thickness. With these approximations, the solution for diffusive radiation transport in the vertical direction z can be written (Shakura & Sunyaev 1973; Krolik 1999 )
The Eddington approximation near the surface z = H of the disc was used to obtain this temperature distribution, and T eff = 4 √ 2 T | z=H according to the solution (36). This solution is not valid near the surface of the disc in the region dominated by Compton scattering but gives T in the bulk of the disc ifτ * ≫ 1. Using the expression (36) for T one has for the optical depth of the disc for free-free absorption
where ξ = z/H, ρ and T are expressed in g cm −3 and
• K. The value of the integral over ξ determines how much the actual valueτ ff is larger than the value ofτ ff obtained if one assumes T = T mpd everywhere in the disc. The ξ integral in equation (37) Because τc ≫ 1 the number in square parenthesis is close to 1, so we can omit it and obtain the final result forτ f
When one substitutes for T mpd , H, and ρ their expressions through the magnetic field and the accretion rate, the expression (38) becomes
Generally, for δ ≈ 1, M8 1, lE/ǫ ∼ 0.1, B10 10 4 G, and r ∼ 10rg,τ ff ∼ 1. However, because of steep dependence of τ ff on lE, M8, and B10, the value ofτ ff can become large for lower accretion rates, more massive black holes, and stronger magnetic fields. The ratio ofτ ff to τc is
We see that for the typical values of the parameters above the ratioτ ff /τc ∼ 10 −2 but free-free optical depth can exceed Compton scattering optical depth for smaller values of lE and at larger radii. Whenτ ff ≪ τc the effective optical thickness of the disc becomesτ * = √τ ff τc or
Whenτ ff ≫ τc the effective optical thickness is equal toτ ff . Finally, the ratio of the disc semi-thickness H to the radius r using (22) is
. (42) Now we summarize conditions when our model is valid:
(i) The necessary condition (28), which is also the condition for the dominance of the magnetic pressure over the radiation pressure.
(ii) The condition (35) for the dominance of the magnetic pressure over the thermal pressure of gas in thermalized optically thick disc.
(iii) The condition for the disc to be optically thick. This is either condition (29) τc ≫ 1 or the condition thatτ ff given by expression (39) is greater than 1.
(iv) The condition that the gas and radiation inside the disc are in local thermal equilibrium,τ * ≫ 1, whereτ * =τ ff ifτ ff /τc > 1, andτ * is given by expression (41) ifτ ff /τc < 1.
(v) H/r ≪ 1.
We varied the parameters lE/ǫ, δ, M8 to obtain the allowed region of our disc model in the B10, r/rg plane, using the above five conditions. These plots are shown in Figs. 1 -6 . The plots show that depending on the power δ in the dependence of magnetic field B ∝ r −δ , optically thick magnetically dominated accretion discs can exist only at a limited interval of radii. For δ ≈ 1 (as on our plots for δ = 5/4) a thin magnetically dominated disc (shadowed regions on On each panel, any given model of the disc is represented with a horizontal line B 10 = constant. Filled areas indicate regions where a magnetically dominated thin disc can exist. The difference in filling represents different types of spectra emitted locally from the surface of the disc: the regions with black body spectra are filled with lines in top-left to bottom-right direction, the regions with modified black body spectra are filled with lines in bottom-left to top-right direction, and the regions with optically thin spectra are filled with short horizontal dashes. There are seven types of lines on each panel: (1) upper solid line curved upward on each plot bounds the region where radiation pressure is small compared to magnetic pressure and turbulent stress (below the curve); (2) lower solid line curved downward on each plot bounds the region where the disc is thin, i.e. H < r (above the curve); (3) long-dashed line bounds the region where where thermal gas pressure is small compared to magnetic pressure and turbulent stress (below the curve); (4) short-dashed line separates the regions where the disc Thomson optical depth τc < 1 (above the line) and τc > 1 (below the line); (5) long-dashed and dotted line separates the region where the disc free-free optical depth τ ff > 1 (above the line) andτ ff < 1 (below the line); (6) shortdashed and dotted line separates the regions where the disc effective optical depth √τ ff τc > 1 (above the line) and √τ ff τc < 1 (below the line); (7) dotted line separates the regions where the disc free-free optical depth exceeds Thomson optical depth,τ ff > τc, (above the line) from whereτ ff < τc, (below the line). the plots) is possible for 5rg < r < 1000rg. The window for the strength of the magnetic field is not very wide: about one order of magnitude or less. This window is narrower for low masses of the central black hole and is wider for higher masses. The value lE/(2αǫ) = 10 corresponds to about the Eddington accretion rate for ǫ ≈ 0.1, and because of α ≈ 1 in our model (see section 2). Higher values of lE/(2αǫ) correspond to higher accretion rates. Allowed values of the magnetic field are higher for higher accretion rates. The magnetic fields in the discs around higher mass black holes are smaller than in the discs around lower masses black holes as is temperature of the disc (T mpd ) and the surface radiation flux. For large luminosities (lE/(2αǫ) 1) the inner disc cannot be optically thick for true absorption but can be optically thick to free electron scattering. Comptonisation becomes significant for in the inner regions at high luminosities (see section 5). We leave consideration of Comptonised regimes for future work. Physically, the limitations on the magnetic field strength can be understood as follows: suppose one decreases B10 while keepingṀ constant. Then, H ∝ B -24) ). Scattering opacity through the disc τc ∝ Σ also strongly decreases, so the heat is transported to the surface faster and T mpd ∝ B10 decreases (equation (32)); thermal and radiation pressures decrease as P th ∝ B 7 10 and P rad ∝ B 4 10 respectively; plasma parameter β decreases, so the disc becomes more magnet- ically dominated;τ ff andτ * both decrease since their decrease due to lower Σ overcomes the increase of the absorptive opacity from the drop of the temperature. Therefore, there exists only a limited interval of B10 such that β < 1 still the disc is optically thick to true absorption.
RADIATION SPECTRA OF OPTICALLY THICK MAGNETICALLY DOMINATED DISC

Calculation of spectra
Free-free, bound-free and cyclotron emission could contribute to the radiation spectrum. In Appendix A we show that, because of the self-absorption in the dense disc, the total flux of cyclotron emission from the disc surface is negligibly small compared to the total radiated power Q. This power is entirely due to free-free and bound-free radiative transitions. Cyclotron and synchrotron emission can be important in the rarefied and strongly magnetized disc corona (Ikhsanov 1989; Field & Rogers 1993a , Di Matteo et al. 1997a ), but our focus here is on the disc. We perform a simplified calculation of the emergent spectrum. We assume local thermodynamic equilibrium and do not consider effects of the temperature change with depth. This is justified when the spectrum is formed in thin layer near the disc surface. For simplicity we do not include the bound-free contribution to the opacity. Free-free opacities are the dominant source of thermal absorption for T 10 5 K, so our simplified spectrum is most relevant for smaller masses of the central black hole, for which the inner disc is hotter. Our goal here is to capture the effect of the magnetic field on the shape of the spectrum. We consider only optically thick disc models with both τc ≫ 1 and τ * ≫ 1. The electron scattering opacity κT does not depend on frequency in the non-relativistic limit, whereas free-free absorption opacity κ ff (ν) is a function of frequency:
where we denote x = hν kT . Thus, the parameters of the disc model B10 and δ will affect the spectrum by means of κ ff dependence on ρ and T /T eff . Gaunt factor g(x, T ) is slowly varying function of x and T between approximately 0.3 and 5 in wide range of frequencies and temperatures (Rybicki & Lightman 1979) . Moreover, in the wide temperature interval 10 3 K < T < 10 8 K Gaunt factor is between 0.5 and 2 for frequencies 0.1 < x < 10 near the maximum of thermal emission. It is quite reasonable to set g(x, T ) = 1, which we do in all further calculations. Note, that κ ff behaves as 1/x 2 for x ≪ 1, so free-free absorption is always more important at lower frequencies than electron scattering.
The energy transfer due to repeated scatterings (Comptonisation process) is characterized by Compton y(ν) parameter (Rybicki & Lightman 1979) 
where the optical depth for Thomson scattering τes(ν) must be measured from the effective absorption optical thickness τ * (ν) ∼ 1 and is given by (formula [7.42] in Rybicki & Lightman (1979) )
If y(ν) ≪ 1, photons do not change their initial frequency ν in the process of repeated scatterings before they escape the surface of the disc. While if y 1 the Comptonisation effects become significant. We calculated values of y using expressions (44), (45) and (43). One can see that y is always monotonically rising with frequency, therefore, the Comptonisation effect at higher frequencies is always more significant than at lower frequencies. On the other hand, there is very little radiation at hν 5kT due to exponential cut off in thermal spectra. It turns out that in most cases y(ν) ≪ 1 for optically thick disc models and for hν < 5kT . Exceptions are the cases of high accretion rates lE/ǫ 1. In those cases, inner parts of the accretion disc (r < 30rg) can have y 1 and Comptonisation will influence the highest frequencies of the disc spectrum. Ignoring these exceptions, we did not take into account Comptonisation in the following calculations and assume coherent scattering. This assumption has been checked a posteriori for self-consistency.
In the case of coherent scattering the approximate expression of the radiative flux per unit surface of an optically thick medium is given by (Rybicki & Lightman 1979) 
Fν approaches black body spectrum πBν(T ) in the limit κ ff ≫ κT and becomes modified black body spectrum
in the limit κ ff ≪ κT. A part of the disc can emit black body spectrum at lower frequencies ν ≪ ν0 and modified black body spectrum at higher frequencies ν ≫ ν0, where ν0 = ν0(ρ, T ) is defined such that κ ff (ν0) = κT. However, if frequency averaged free-free opacity is larger than Thomson opacity,κ ff (T, ρ) > κT, then hν0 > kT and almost all the radiation is emitted as a black body spectrum. In the opposite limit,κ ff (T, ρ) ≪ κT, one has hν0 ≪ kT and the spectrum is mostly modified black body, transiting to black body only at lowest frequencies, ν < ν0. Dotted line on Figs. 1-6 separates regions withκ ff > κT andκ ff < κT. We see that the optically thick disc hasκ ff ≪ κT and emits a modified black body spectrum in the inner parts but may become absorption dominated in the cooler outer parts, where black body spectrum will be emitted. At lower accretion rates, lE/(2ǫ) < 10 −4 , all the surface of the disc will emit black body spectrum (with different T at different radii, of course). The locations of the regions with mostly black body and modified black body spectra over the disc radii are fairly insensitive to the black hole mass M . The surface temperature T in formula (46) should be determined by equating the total emitted flux, the integral of Fν over all frequencies, to the half of the heat production rate Q per unit disc surface (half is to account for two surfaces of the disc). Introducing variable x = hν kT one can write this energy balance condition as
Further introducing Stefan-Boltzmann constant σ = 2π 5 k 4 15c 2 h 3 into right hand side of equation (48) and effective temperature Q/2 = σT 4 eff (equation (30)) into left hand side of equation (48) we can transform equation (48) 
Since π
, T is always larger than T eff . This is in accordance with general thermodynamic argument that the black body is the most efficient emitter of all. Equation (49) has been solved numerically to determine T (r). After one knows T = T (r), it is possible to integrate Fν (r) (46) over the disc surface to obtain the spectral distribution of the total energy emitted by the disc
where the 2 accounts for the two surfaces of the disc. When a significant interval of radii exists where the emitted spectrum is a modified black body, e.g. hν0 < kT , it is possible to get an approximate analytic expression for Eν. For ν > ν0 we use expression (47) for Fν , which becomes Fν = 2.6 × 10
Integrating expression (51) over frequencies by integrating from 0 < x < ∞, we obtain Q 2 = 8.2 × 10 7 erg s cm 2 T 9/4 ρ 1/2 , which can be solved for the temperature using expression (16) for Q. Let us denote the temperature found in this way by Ts. The expression for Ts is
Now we use Ts to substitute in the expression (51) for Fν , and then to expression (50) to obtain Eν. It is convenient to switch from the integration in r to the integration in x in equation (50). We do so by writing dx = − hν kT 2 s dTs dr dr and expressing x through r for a given ν from equation (52). This procedure can be done analytically if one puts G = 1, that is our analytical approximation do not describe spectrum emerging close to the inner edge of the disc, where G deviates from 1 significantly. Carrying out calculations one obtains Eν = 4.2 × 10 44 × 10
where xin = hν kTs (rin) and xout = hν kTs(rout)
. We take for typical estimates rin = 10rg and rout = 1000rg as the inner and outer edges of the disc. Although inner parts of the disc contribute significantly to the total emitted power and determine the most energetic part of the spectrum, the calculation of the spectrum there must be performed by taking into account factor G, not to mention relativistic effects. The outer extension of the disc at 1000rg is somewhat arbitrary, but the disc beyond 1000rg is too cool to be described by our simple radiation model and, in the case of AGNs, even the existence of the disc for r 1000rg is questionable because of the instability to the gravitational fragmentation. The value of the integral in formula (53) decreases exponentially for xin > 1. This corresponds to an exponential cutoff in the spectrum for hν > kT (rin). If xin ≪ 1 but xout 1, then the value of the integral is almost independent on ν and is a slowly varying function of δ. We see that Eν ∝ ν (4δ−5)/(8−4δ) in this case. Thus, Eν is rising for δ > 5/4 and declining for δ < 5/4. If both xin ≪ 1 and xout ≪ 1, then it is possible to see from the expansion of the integral in expression (53) that Eν ∝ ν. At frequencies below hν = kT (rout) the whole disc surface would contribute with the low frequency tails of modified black body spectra, which scale as Fν ∝ ν (equation (51)). Therefore, it is easy to understand the scaling Eν ∝ ν for hν < kT (rout). However, we do not see the latter spectral index in calculated spectra because κ ff becomes comparable to κT already at the frequencies where xout > 1. The Eν ∝ ν (4δ−5)/(8−4δ) law extends down to the frequency at which xin = x0s(rin), where x0s = hν0 kTs(r) is found by equating κ ff = κT. For x0s ≪ 1 one obtains using expression (43) for κ ff together with expression (52) for Ts and expression (24) 
For x < x0s spectrum gradually transits to the sum of a local black body with T = T eff , which has Eν ∝ ν 1/3 (Shakura & Sunyaev 1973; Shapiro & Teukolsky 1983; Krolik 1999) . Finally, for hν ≪ kT (rout) the spectrum is the sum of ∝ ν 2 low frequency black bodies of ν < ν0. When the outer part of the disc, whereκ ff > κT, is sufficiently truncated then the Eν ∝ ν 1/3 part of the spectrum may be absent and the spectrum will transit directly from Eν ∝ ν
power to Eν ∝ ν 2 power. In summary, we see that magnetically dominated accretion discs have power law spectra with the spectral index depending on the radial distribution of magnetic field strength such that, Eν ∝ ν (4δ−5)/(8−4δ) . This contrasts the standard weakly magnetized α-disc which shows a declining modified black body formed from the inner radiation dominated disc with Eν ∝ ν −2/5 .
Modified black body spectrum in a standard disc
As a side remark we note that the value for the spectral index γ = νd ln Eν dν close to 0 found for the latter regime of accretion disc by Shakura & Sunyaev (1973) (text on page 349 after equation [3.11] of that work) is different from ours γ = −2/5. It is easy to follow the exact prescription of Shakura & Sunyaev (1973) , namely calculate integral [3.10] in their work for spectrum [3.2] and temperature [3.7] . As a result we obtain γ = −2/5 rather than γ = 0.04 given in Shakura & Sunyaev (1973) . We need to point out this discrepancy because it is widely stated in many textbooks on accretion discs (Shapiro & Teukolsky 1983; Krolik 1999) with the reference to Shakura & Sunyaev (1973) that high luminosity accretion discs has almost flat plateau in its spectrum before the exponential cut off corresponding to kT (rs). However, the flat spectrum Eν ∝ ν 1/29 is produced by part (b) of the standard disc model, where gas pressure dominates over radiation pressure. The spectral index γ = 1/29 is close to the γ = 0.04 given in Shakura & Sunyaev (1973) but the radial dependence of the surface temperature in zone (b) is Ts ∝ r −29/30 rather than Ts ∝ r −5/3 given by their formula [3.7] . Thus, the standard α-disc possessing both (b) and (a) zones should have spectrum steepening from plateau to ∝ ν −2/5 and then exponentially cutting off at the temperature of the inner edge. Because the intervals of r, where approximate analytic expressions for emitted spectrum are valid, do not typically exceed one order of magnitude (the same is true for our disc model as well), one does not see "pure" extended power Figure 7 . Dependencies of the half-thickness of the disc H on radius for magnetically dominated disc (solid line) and ShakuraSunyaev disc with the same l E /ǫ and M 8 parameters and viscosity parameter α = 0.1 (short-dashed line) and α = 0.01 (long-dashed line). The breaks in the curves for the Shakura-Sunyaev disc occur at the interface of zones (a) and (b) and are the results of using approximate analytic expressions in zone (a) and zone (b). For l E /(2ǫ) = 10 −3 zone (b) extends down to the inner edge of the disc.
laws when calculating spectra numerically by using general expressions (46) and (48). For example, Wandel & Petrosian (1988) found γ = −2/5 slope in the narrow interval between 1000Å and 1450Å by numerically integrating disc spectra.
Results of spectrum calculations
We present results of the simplified analytical integration of the spectrum using equation (51) as well as more exact numerical integration using equation (46), solving for T from equation (49) and integrating equation (50). Function G(r) was kept in numerical calculations, so the results are applicable to the innermost parts of the disc, where the most of energy is radiated. For a given M8 and lE/ǫ, an optically thick magnetically dominated discs exist within 5rg < r < 1000rg only for δ in the interval of about 1 to 1.4. In Figs. 7-16 we illustrate models for the four choices of parameter sets:
The dependencies of H on r given by equation (22) for four parameter sets are plotted in Fig. 7 . For comparison we also plot the half-thickness H in the Shakura-Sunyaev model of the disc with the same accretion rate (parametrized by lE/ǫ) and the same mass of the central object. We use approximate analytic expressions for the parameters of the Figure 8 . Dependencies of the surface density Σ on radius for magnetically dominated disc (solid line) and Shakura-Sunyaev disc with the same l E /ǫ and M 8 parameters and viscosity parameter α = 0.1 (short-dashed line) and α = 0.01 (long-dashed line). The breaks in the curves for the Shakura-Sunyaev disc occur at the interface of zones (a) and (b) and are the results of using approximate analytic expressions in zone (a) and zone (b). For l E /(2ǫ) = 10 −3 zone (b) extends down to the inner edge of the disc.
disc (H, ρ, Σ, T mpd ) in the radiation dominated zone (a) of the Shakura-Sunyaev model and thermal pressure dominated zone (b) (Shakura & Sunyaev 1973) . The magnetically dominated disc is thicker than the standard disc. For higher accretion rates, the standard disc has a concave shape due to the transition from inner zone (a) to intermediate zone (b), which allows illumination of the outer parts of the disc by the inner hotter and brighter parts. Magnetically dominated disc has convex shape, which exclude such illumination.
In Figs. 8 and 9 we plot the dependencies of the column thickness through the disc Σ (equation (23)) and vertically averaged density ρ (equation (24)) on the radius and also compare to Shakura-Sunyaev standard disk. The magnetically dominated disc is much less massive than the standard disc. Both Σ and ρ are smaller for magnetically dominated discs, and only in the inner ∼ 10rg are the densities comparable.
The dependencies of mid-plane temperature T mpd on radius given by equation (32) are shown in Fig. 10 . On the same figure we also plot T mpd in the Shakura-Sunyaev model and T eff given by equation (30), which is the same for magnetically dominated and standard discs. Because of the lower column density of the magnetically dominated disc, T mpd is less than for standard α-discs.
The dependencies of magnetic plus turbulent pressure, ≃ B 2 /(4π), radiation pressure in the disc mid-plane P rad = aT 4 mpd /3, and thermal pressure in the disc mid-plane P th = nkT mpd are presented in Fig. 11 . We see that the as- Figure 9 . Dependencies of the vertically averaged density ρ on radius for magnetically dominated disc (solid line) and ShakuraSunyaev disc with the same l E /ǫ and M 8 parameters and viscosity parameter α = 0.1 (short-dashed line) and α = 0.01 (long-dashed line). The breaks in the curves for the Shakura-Sunyaev disc occur at the interface of zones (a) and (b) and are the results of using approximate analytic expressions in zone (a) and zone (b). For l E /(2ǫ) = 10 −3 zone (b) extends down to the inner edge of the disc.
sumption of magnetic pressure dominance is well satisfied for our models except in the innermost regions, r 10rg, for higher accretion rates lE/(2ǫ) = 0.1, where radiation pressure becomes comparable to the magnetic pressure. The latter fact limits the existence of magnetically dominated regime in the innermost parts of accretion discs for higher luminosities. Parameter β defined by equation (2) decreases with radius and varies from ∼ 1 to ∼ 10 −2 in our models. In the limit β = 1 magnetic pressure is comparable to the largest of radiation or thermal pressures and our strongly magnetized disc model transforms into ShakuraSunyaev model with α = 1. If δ = 3/4 in our model, then the radial scaling of the magnetic and turbulent pressures, B 2 /(4π), is the same as that of the radiation pressure inside the disc, aT 4 mpd , aside from the factor G. If δ = 51/40, then the radial scaling of B 2 /(4π) is the same as that of the thermal pressure inside the disc, nkT mpd . Therefore, by choosing δ = 3/4 and adjusting the magnitude of B10 one can construct the model with approximately constant β in the zone where radiation pressure exceeds thermal pressure. By choosing δ = 51/40 one can construct constant β model in the zone where thermal pressure dominates radiation pressure. We illustrate this in Fig. 12 , where we show the dependencies of pressures, ρ, H, and Σ on r for our model with δ = 3/4, lE/(2ǫ) = 0.5, and M8 = 1, and for the Shakura-Sunyaev model with α = 1 for the same accretion rate lE/(2ǫ) and M8. The transition from zone (a) to zone (b) in this Shakura-Sunyaev model occurs at r ab = 360rg. The Figure 10 . Dependencies of temperatures on radius: T mpd for magnetically dominated disc (solid line); T mpd for ShakuraSunyaev disc with the same l E /ǫ and M 8 parameters and viscosity parameter α = 0.1 (short-dashed line) and α = 0.01 (long-dashed line); T eff (dashed-dotted line). The breaks in the curves for the Shakura-Sunyaev disc occur at the interface of zones (a) and (b) and are the results of using approximate analytic expressions in zone (a) and zone (b). For l E /(2ǫ) = 10 −3 zone (b) extends down to the inner edge of the disc. Figure 11 . Dependencies of pressures on radius for parameters of disc considered in section 5. Magnetic plus turbulent pressure B 2 /(4π) is plotted with a solid line, P rad is plotted with a shortdashed line, and P th is plotted with a long-dashed line. breaks on the curves corresponding to the Shakura-Sunyaev model occur at r = r ab in Fig 12. We adjusted B10 such that the magnetic pressure will be in equipartition with the radiation pressure in our model. Then, as it is seen from the top-left plot in Fig. 12 , thermal pressure is less than magnetic and radiation pressures for r less than some rc and exceeds magnetic and radiation pressures for r > rc, so our model is not applicable for r > rc. The subsequent three plots show that rc ≈ r ab . Two right plots and bottom-left plot in Fig. 12 show that ρ, H, and Σ in our model for r < rc are very close to ρ, H, and Σ in Shakura-Sunyaev α = 1 model in the radiation pressure dominated zone r < r ab . A similar conclusion holds for the transition of our model with δ = 51/40 to a Shakura-Sunyaev zone (b) model for r > r ab and β = 1. The radiation spectra of our model in the limit β = 1 also approach that of the Shakura-Sunyaev model, as shown by direct numerical calculations. The power law modified black body spectrum Eν ∝ ν (4δ−5)/(8−4δ) derived in section 5.1 becomes Eν ∝ ν −2/5 for δ = 3/4 and Eν ∝ ν 1/29 for δ = 51/40, which is coincident with the modified black body power laws for the Shakura-Sunyaev zone (a) and zone (b) spectra (see section 5.2).
The dependencies of optical depths through the half disc thickness on radius are shown in Fig. 13 for four parameter sets. The three curves plotted are:τ ff given by equation (39), τc = κTΣ/2, and the effective optical thickness Figure 13 . Dependencies of optical depth through the half disc thickness on radius for parameters of disc considered in section 5. Dashed line is τc, dashed-dotted line isτ ff , and solid line isτ * . τ * = Σ 2 (κT +κ ff )κ ff . For δ = 5/4, the effective optical thicknessτ * is almost constant throughout the disc, but when δ deviates from 5/4,τ * starts to approach 1 either at the inner or at the outer edge of the disc and so our model breaks down at those radii. With the decrease of the accretion rate, the disc becomes cooler and denser so the absorbing opacity rises and becomes larger than the scattering opacity in the outer parts of the disc.
In Fig. 14 we show: T eff (r) given by equation (30), T mpd (r) given by equation (32), Ts(r) given by equation (52), and T (r) by solving equation (49) numerically. Note that T eff and surface temperature T are always smaller than the T mpd for an optically thick disc. For low accretion rate, lE/(2ǫ) = 10 −3 ,κ ff > κT and T ≈ T eff . In this case, Ts is ill defined and values of Ts < T eff are unphysical on the plot for lE/(2ǫ) = 10 −3 and also for r > 100rg on the plot for δ = 1, lE/(2ǫ) = 0.1. The temperature Ts becomes a good approximation for T when Ts > T eff (scattering dominates over absorption in the surface layer). Unlike the values and slope of T mpd (r), which substantially increases with increasing δ, the value of T is less sensitive to δ: only inner parts of the disc becomes slightly hotter for larger values of δ. Both T and T eff are changed significantly when the accretion rate or mass M are changed. Fig. 15 shows the results of calculating Comptonisation y parameter according to equations (44) and (45). We conservatively set x = 5 for the calculation of y. Then, y is the function of radius alone. On the same figure we also show y in the regime of modified black body spectrum, using Ts and writing the simplified version of equation (44) Energy spectra Eν are presented in Fig. 16 . We normalized frequency to the characteristic frequency of an effective black body from the inner disc, namely, we plot versus ν/ν eff , where
, so the spectra plotted cover the range from EUV to infrared for M = 10 8 M ⊙ . We checked that the total thermal energy emitted from the disc between rin and rout calculated as an integral of the spectrum over frequencies is equal to the surface integral of the dissipation Q (expression (16)):
All spectra shown in Fig. 16 were computed by integrating from rin = 3.1rg to rout = 1000rg with the factor G(r) taken into account. We also show the spectrum calculated by using the approximate analytic expression (53) for a modified black body in its regime of validity (xin > x0s(rin)). The lower frequency at which the sum of modified black bodies is still a good approximation, increases with the overall increase of absorption in the disc. For parameter set (iv) above, with lE/(2ǫ) = 10 −3 , pure modified black body cannot be used at all, so the corresponding panel in Fig. 16 does not show a second curve. The spectrum for δ = 5/4 (solid line) shows flat plateau extending by more than an order of magnitude in frequency in accordance with analyt- Figure 15 . Dependencies of Comptonisation parameter y on radius for parameters of disc considered in section 5. Solid line is for y calculated using temperature T , exact expression (45) for τes, and hν = 5kT (r). Dashed line is for y calculated using Ts, assuming that τes ≈ (τ T /τ ff ) 1/2 , and hν = 5kTs. (53) are plotted with short-dashed lines. The latter are shown only for frequencies at which x in is larger than the minimal value of x 0s (r), which is achieved at about 5rg to 10rg. Spectra of ShakuraSunyaev discs are plotted for viscosity parameter α = 0.1 with long-dashed lines.
ical result. Although the declining top part of the spectrum for δ = 1 and rising top part for δ = 1.4 are apparent, the interval of frequencies, where a modified black body approximation works, becomes small and blends with the ∝ ν 1/3 spectrum of the sum of local black bodies. Thus no dependence on δ is evident here. The top right plot for low luminosity lE/(2ǫ) = 10 −3 is indistinguishable from the sum of the local black body spectra. All spectra behave like ∝ ν 2 for low frequencies. In Fig. 16 we also show spectra of a Shakura-Sunyaev α-disc with the same lE/ǫ and M8 parameters to compare with plots of a magnetically dominated disc with viscosity parameter α = 0.1. These spectra were calculated in the same way we calculated the spectra of the magnetically dominated disc: first we found the surface temperature T (r) by solving equation (49) with the ρ(r) profile taken from standard α-disc model, and then integrated equation (50) with Fν given by expression (46). For low accretion rates of order of 10 −2 of Eddington accretion rate and smaller, the spectra of Shakura-Sunyaev disc are very close to the sum of local black bodies with temperatures T eff (r) (Wandel & Petrosian 1988) . In general the spectra of our magnetically dominated discs are close to the spectra of Shakura-Sunyaev discs, so it seems to be difficult to distinguish between them observationally. This means that sources with discs previously thought to be thermally supported could actually be magnetically supported.
CONCLUSIONS
We have found self-consistent solutions for thin, magnetically supported turbulent accretion discs assuming the tangential stress f φ = α B 2 4π . When compared to the standard α-disk models (Shakura & Sunyaev 1973 ) magnetically dominated discs have lower surface and volume densities at the same accretion rate. This is due to the more efficient angular momentum transport by supersonic turbulence and strong magnetic fields than the subsonic thermal turbulence of the standard model. As a result, magnetically dominated discs are lighter and are not subject to self-gravity instability.
In the limit plasma β = 1, magnetic pressure is comparable to the largest of radiation or thermal pressures and our strongly magnetized disc model transforms into ShakuraSunyaev model with α = 1. The evidence from numerical experiments (Miller & Stone 2000) for the possible existence of strongly magnetized turbulent accretion discs though inconclusive, provides motivation for consideration of spectral models of such discs. When we derived the disc structure, we made no explicit distinction between turbulent and magnetic pressure support and angular momentum transfer. As such, our model would be valid in any situation when supersonic turbulence exists in the disc. However, since turbulence should result in amplification of small scale magnetic fields in highly conducting medium due to the dynamo action, strongly turbulent discs should be also strongly magnetized.
Observations of X-ray coronae in Seyfert nuclei require at least 30-40 per cent of accretion power to be transported by magnetic fields into coronae, which is only possible for β 1 discs. Therefore, Seyfert nuclei may harbour magnetically dominated accretion discs. The X-ray flux from QSO is only about 5 per cent or less of their total luminosity (Mushotzky et al. 1993) , so magnetically dominated discs are not required in QSOs. As it is discussed in section 4, magnetically dominated disc solution for high accretion rates cannot be extended down to small radii, where most of the dissipation occurs, because of strong build up of radiation pressure in the inner disc. This is in accord with QSO observations. Thermal spectrum from the surface of the magnetically dominated disc in optically thick regime is close to the spectrum of standard Shakura-Sunyaev disc.
There should be high density of stars in the central stellar cluster surrounding AGN accretion discs. Passages of stars through the disc might be an external source of supersonic turbulence analogous to the supernovae explosions being the source of supersonic turbulence in the Galaxy. Stars pass through the disc with the velocities of order of Keplerian velocity, which is much larger than the sound speed in the disc. However, we consider the support of turbulence by star-disc collisions in Appendix B and find that star-disc collisions are unlikely to provide enough energy to sustain supersonic turbulence in AGN accretion discs.
Further global MHD simulations of turbulence in vertically stratified accretion discs with realistic physical boundary conditions could either provide firm evidence for the formation of the disc considered here or disfavour our model. It maybe reasonable to perform such simulations taking as an initial condition the stationary model of the magnetically dominated accretion disc given by expressions (19), (22) (23) (24) with the initial magnetic field satisfying all constraints of our model and falling into the shadowed regions on plots in Figs. 1-6. Our model does not describe dissipation in the corona and interaction of the corona with the disc. Further analytic as well as numerical modelling is necessary to consistently address issues related to the corona of magnetized disc: rate of gas heating in the corona, relativistic particle acceleration and emission, illumination of the disc surface by X-rays produced in the corona and subsequent heating of top layers of the disc, possible emergence of magnetized outflows or Pointing flux jets. ACKNOWLEDGMENTS V.I. Shishov is thanked for the remark improving presentation of the results. Two of authors (VP and EB) want to acknowledge their stay at the Institute of Theoretical Physics in Santa Barbara, where part of this work was done. SB acknowledges his stay at the University of Rochester when this work was initiated. This research was supported in part by the National Science Foundation Under Grant No. PHY99-07949. VP and EB were also supported by DOE grant DE-FG02-00ER54600.
